Rates of substitution were compared between humans and Old World monkeys for sequences in or adjacent to 19 genes. The comparison of 21,299 sites in noncoding regions indicates that the substitution rate is -43% greater in the Old World monkey lineage. However, 83% of the compared sites are in the region of the P-globin gene family. Outside this region there is no consistent pattern of rate difference between the two lineages. Comparison of the coding regions of 16 genomically dispersed genes, involving 1,592 synonymous sites and 5,275 nonsynonymous sites, showed a faster rate of substitution in the human lineage at the nonsynonymous sites of the prion gene, but otherwise no evidence of rate difference between the two lineages. It is concluded that rate differences between these two lineages may be specific to certain regions of the genome rather than being a general phenomenon. This conclusion needs to be confirmed by comparison of a larger number of genomically dispersed sequences. It is, however, consistent with the results of DNA-DNA hybridization experiments, which show no difference in evolutionary rate between the two lineages.
Introduction
A slowdown in the rate of molecular evolution in the lineage leading to humans (Homo sapiens) was first proposed by Goodman (1962) . He based this on the immunological comparison of proteins from different primate species, and divergence times derived from the fossil record. More recently, Bailey et al. (1991) have interpreted comparative nucleotide sequence analysis as showing a gradual and progressive rate slowdown in the lineage leading to humans. Most of the evolutionary rate differences inferred by Goodman are now thought to reflect inaccuracies in his assumed divergence times and this appears also to be the case for Bailey et al.'s inferred rate differences (Easteal, Collet, and Betty 199.5, (91) (92) (93) (94) (95) (96) (97) (98) (99) (100) (101) (102) (103) (104) (105) . Relative rate tests of different kinds of molecular data have shown no evidence of general substitution rate differences between humans and other simian primate taxa, with the possible exception of Old World monkeys (Cercopithecoidea) (reviewed in Easteal, Collet, and Betty 1995, pp. 43-64) . Li, Tanimura, and Sharp (1987) analyzed -2 kb of contiguous sequence in the region of the en-globin gene and concluded that the rate had been faster in the Old World monkey than in the human lineage. This difference was confirmed for -10 kb from the same region, but was not apparent for -6 kb from 18 other genes, suggesting that the +n-globin gene region was an exception to a general pattern of rate uniformity (Easteal 1991) .
Subsequently, Seino, Bell and Li (1992) reported that substitution rates in noncoding regions of the insulin gene are higher in Old World monkeys than in humans. They also found that, overall, there was a significantly higher rate of substitution in the Old World monkey lineage when the results of the insulin gene comparison were combined with those of the previous comparisons of Li, Tanimura, and Sharp (1987) and Easteal (1991) , even when the $n-globin sequence is omitted. Ellsworth, Hewett-Emmett, and Li (1993) also found that the substitution rate in intron 7 of the insulin-like growth factor II gene has been higher in the Old World monkey lineage than in the human lineage. They concluded that there is a general rate difference between the lineages.
Here we present a comparison of the relative rates of nucleotide substitution of a more extensive sample of sequences between the human and Old World monkey lineages, including a reanalysis of the insulin gene sequences.
Materials and Methods
Rate comparisons between lineages are most effective when the outgroup is closely related to the compared species. For this reason we have restricted our comparisons to genes for which homologous sequences are available in humans, Old World monkeys and at least one other, more distantly related, primate. In the comparisons of (Y-and B-globins strepsirhine (Galago crassicaudatus) and tarsier (Tarsius syrichta) sequences were used as outgroups, respectively. In all other comparisons platyrrhine (New World monkey) sequences were used.
The GenBank accession numbers for the compared sequences are: a-globin-V00488 (H. The comparisons of the y-, E-, and +q-globin genes were based on published alignments (Bailey et al. 1992; Porter et al. 1995) . The species compared are: y-and l -globin H. sapiens, M. muluttu, and Ateles geoffroyi and en-globin H. sapiens, M. muluttu, Suimiri sciureus. The EMBL data library accession numbers for these alignments are: l -globin-DS8841 .DAT, y-globin-DS10763.DAT, +q-globin-DS6900.DAT. The sequences of the remaining genes were aligned using CLUSTAL V (Higgins, Bleasby, and Fuchs 1992) with minor adjustments made by eye using Genetic Data Environment (GDE) version 2 (Smith et al. 1994) . These alignments are available on the World Wide Web at http:// jcsmr.anu.edu.au/dmm/humgen.html.
For all aligned sequences we checked for the occurrence of reticulate evolution with homologous sequences using the HOVERGEN database and associated software (ftp://biom3.univ-lyonl .fr/pub/hovergen/) and the program "reticulate" (http://jcsmr.anu.edu.au/dmm/ humgen.html). Where reticulate evolution that would interfere with interpretation of relative rate tests was identified, the genes involved were omitted. These genes were the major histocompatibility complex (MHC) genes and the coding regions of the y-globin genes.
In our analysis we omitted the involucrin gene (Djian and Green 1992) because of perceived alignment problems due to the repetitive nature of the sequences. We also omitted the 0-globin gene because the available New World monkey sequence is a highly divergent pseudogene, and the cytochrome oxidase subunit 4 gene because the available monkey sequences are of processed pseudogenes. Noncoding sequences for the a-globin gene were not included because both introns of this gene consist almost entirely of tandemly repeated sequences. Only synonymous sites were included for the urate oxidase subunit 2 gene since the available human sequence is for a pseudogene.
Rates of substitution at synonymous and nonsynonymous sites were calculated by the method of Li (1993) . Correction for multiple substitutions was made using the Kimura (1980) two-parameter method. The relative rate test of Wu and Li (1985) was applied to the results.
Results and Discussion
Noncoding sequences in or adjacent to nine genes were compared (table 1) 68-75). This indicates a faster rate of substitution in the Old World monkey lineage. For the $n-globin gene, the IGF2 gene, and the combined (total) comparisons the rate differences are significant, and overall the substitution rate is -44% greater in the Old World monkey lineage. However, five of the nine compared genes (83% of the compared sites) are from the B-globin gene family and thus from the same genomic region. There is little evidence of rate differences in the other regions, although in the case of the two protamine sequences this may be due to their small sizes.
The extent of substitution rate difference we estimate between the human and Old World monkey lineages in the noncoding sequences of the insulin gene is less than that reported by Seino, Bell, and Li (1992) . They did not present the alignment on which their result was based and it may have been different from ours (see http://jcsmr.anu.edu.au/dmrn/humgen.html).
It should also be noted that Kawamura et al. (199 1) found that at the immunoglobulin constant region o. gene there is, if anything, a faster rate of substitution in the human lineage. Because their method of analysis was different, their results cannot be included in table 1.
The data for noncoding sequences thus provide evidence that the rate of substitution in the region of the B-globin gene family has been higher in the Old World monkey lineage than in the lineage leading to humans. Outside the B-globin gene family, however, there is no consistent pattern of rate difference between the lineages, and the data are not sufficient to allow generalization of this result to the rest of the genome.
Comparison of substitution rates in the coding regions of 16 genomically dispersed genes provides no evidence that substitution rates are generally higher in Old World monkeys at either synonymous or nonsynonymous sites (table 1) . The only significant difference between the lineages is a faster rate of substitution in the human lineage at the nonsynonymous sites of the prion protein gene. It is not possible, without further data, to determine the cause of this difference in rate. It may be due to either directional natural selection or a reduction of functional constraint in the human lineage. In either case, however, the difference is specific to the prion protein gene and does not indicate a general rate . difference. In addition, K,, -. . KS3 IS positive at the synonymous sites of 10 of the 16 genes analyzed in table 1. It is difficult to reconcile this observation with a higher rate of substitution in the Old World monkey lineage. It should also be noted that evolutionary rate uniformity between the two lineages is indicated by DNA-DNA hybridization data (Benveniste 1985) .
The total number of synonymous sites compared here (1,592) is relatively small compared with the number of noncoding sites from the B-globin gene family, and we would advocate the comparison of more genes from different genomic locations to resolve this issue beyond doubt. At this stage, however, we conclude that the available evidence suggests a uniform rate of nucleotide substitution in the human and Old World monkey lineages, except in some specific regions, such as the B-globin gene family. We have no good explanation for a higher Old World monkey substitution rate specific to the B-globin gene family. We have, however, ruled out a difference in base composition. There are no significant differences in base composition between 4,203 homologous sites in the human and Old World monkey y-globin region sequences (P > 0.995) or between 8,256 sites in the +n-globin region sequences (P > 0.995).
